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PACS numbers: 05.45. Gg, 03.67.Pp, 05.45.Mt Introduction.-Solid state quantum information processing [1] develops very rapidly in recent years. One of the basic features that makes quantum information unique is the quantum parallelism resulted from quantum coherence and entanglement. However, the inevitable interaction between the qubit and its environment leads to qubit-environment entanglement that deteriorates quantum coherence of the qubit. In solid state systems, the decoherence process is mainly caused by the non-Markovian noises induced, e.g., by the two-level fluctuators in the substrate and the charge and flux noises in the circuits [2] [3] [4] .
There have been numbers of proposals for suppressing non-Markovian noises in solid-state systems. Most of them suppress noises in a narrow frequency domain, e.g., lowfrequency noises [2, 3] . Among the proposed decoherence suppression strategies, the dynamical decoupling control (DDC) [5] is relatively successful in suppressing nonMarkovian noises in a broad frequency domain and has recently been demonstrated in the solid-state system experimentally [6] . The main idea of the DDC is to utilize high frequency pulses to flip states of the qubit rapidly, averaging out the qubit-environment coupling. The higher the frequency of the control pulse is, the better the decoherence suppression effects are. Efforts have been made to optimize the control pulses [7] in the DDC, however, the requirements of generating extremely high frequency control pulses or complex optimized pulses make it difficult to be realized in solid-state quantum information system, in particular in superconducting circuits.
In this letter, we propose a method to extend the decoherence time of the qubit by coupling it to a chaotic setup [8] . Although it is widely believed that the chaotic dynamics induces inherent decoherence [9] [10] [11] [12] [13] , e.g., the quantum Loschmidt echo [11] , we find surprisingly that the frequency shift of the qubit induced by the chaotic setup, which has not drawn enough attention in the literature, can help to suppress decoherence of the qubit.
The main merits of this method are: (1) the high frequency components, which contribute to the suppression of the nonMarkovian noises, can be generated by the chaotic setup even driven by a low-frequency field; and (2) generating complex optimal control pulses is not necessary.
Decoherence suppression by chaotic signals.-Consider the following system-environment model [4] 
± ) are the angular frequency, the z-axis Pauli operator, and the ladder operators of the qubit (the i-th two-level fluctuator in the environment); g i is the coupling constant between the qubit and the i-th twolevel fluctuator; and δ q (t) ≡ δ q is an angular frequency shift induced by chaotic signals. If the initial state of the system is separable,ρ(0) =ρ S0 ⊗ρ B0 , we can reduce the dynamical equation of the total system by tracing out the degrees of freedom of the bath. The influence of the chaotic signal δ q (t) falls into two aspects: (1) δ q (t) affects the angular frequency shift of the qubit induced by the bath
and (2), more importantly, it modifies the bath-induced decoherence rate of the qubit which can be written as:
where
is the spectral density of the bath. Here, since the frequencies of the fluctuators distribute in a finite domain, ∆ω q and Γ q are restricted to be integrated in the finite frequency domain [ω c1 , ω c2 ]. We demonstrate our results using the zero-temperature bath.
We now come to show how the damping rate can be reduced by the frequency shift δ q (t), using the function δ q (t) as a linear combination of sinusoidal signals with small amplitudes and high frequencies, i.e., δ q (t) = α A dα cos (ω dα t + φ α ).
Here ω dα should satisfy the conditions: ω dα ≫ |ω c2 − ω q |, |ω q − ω c1 |, and A dα /ω dα ≪ 1. Using the Fourier-Bessel series identity [14] : e ix sin y = n J n (x) e iny with J n (x) as the n-th Bessel function of the first kind and the approxima-
where the correction factor
is the power spectrum density of the signal δ q (t); ω − = (ω q − ω) /2; and ω cd is the lower bound of the frequency of δ q (t) such that ω cd ≫ |ω c2 − ω q |, |ω q − ω c1 |. Here, we omit the higher-order Bessel function terms because 1/ (i (
the conditions. The analysis shows that δ q (t) induces a correction factor F for the environment-induced frequency-shift ∆ω q and damping rate Γ q , i.e.,
where ∆ω q0 and Γ q0 are the frequency-shift and damping rate when δ q (t) = 0. The correction factor F may become extremely small when δ q (t) is a chaotic signal which has a broadband frequency spectrum in particular in the highfrequency domain, such that the decay rate and frequency shift can be suppressed by a chaotic signal.
Generation of chaotic signals and suppressing 1/f noises.-To show the validity of our method, as an example, we show how to suppress the 1/f noises of a qubit with free HamiltonianĤ q = ω qŜz by coupling it to a driven Duffing oscillator which is used to generate chaotic signals, with
and damping rate γ, whereâ andâ † are the annihilation and creation operators of the nonlinear Duffing oscillator; ω o /2π is the frequency of the fundamental mode; λ is the nonlinear constant; and I (t) = I 0 cos (ω d t) denotes the classical driving field with amplitude I 0 and frequency ω d /2π. We employ the interaction between the qubit and the Duffing oscillator, H I = g qoŜzâ †â (g qo -coupling strength), which can be obtained, e.g., by the Jaynes-Cummings model under the large detuning regime [15] .
By tracing out the degrees of freedom of the oscillator initially in a coherent state |α , we find that the interaction between the qubit and the Duffing oscillator introduces an additional factor for the non-diagonal entries of the state of the qubit [9] :
There are two aspects of the factor f 01 (t) = e Σq(t)+iΘq(t) .
The phase shift
, is related to δ q (t) in Eq. (1), which can be used to suppress the decoherence of the qubit. However, the amplitude square M (t) = |f 01 (t)| 2 = e 2Σq (t) , i.e., the quantum Loschmidt echo [10, 11] , leads to additional decoherence effects of the qubit. Such decoherence effects have been well studied in the literature for regular and chaotic dynamics [9] [10] [11] [12] [13] . Our decoherence suppression strategy is valid when the decoherence suppression induced by δ q (t) is predominant in comparison with the opposite decoherence acceleration process.
We now come to show numerical results, using system parameters:
The bath has a 1/f noise spectrum (see, e.g., Ref. [2, 3] ) with J (ω) = A/ω and A/ω q = 0.1. The evolution of the coherence C xy = Ŝ x 2 + Ŝ y 2 of the qubit and the spectrum analysis of the angular frequency shift δ q (t) are presented in Fig. 1 . As shown in Fig. 1(b) , (c), if we tune the amplitude I 0 of the sinusoidal driving field I (t) such that I 0 /ω q = 5 and 30, the signals δ q (t) exhibit periodic and chaotic behaviors. As shown in Fig. 1(a) , in the periodic regime, the decoherence of the qubit is almost unaffected by the Duffing oscillator. The trajectory in the periodic case (green curve with plus signs) coincides with that of natural decoherence (black triangle curve), as in Fig. 1(a) . In the chaotic regime, the decoherence of the qubit is efficiently slowed down (see the blue solid curve in Fig. 1(a) representing the trajectory in the chaotic case). This demonstrates that, with the increase of the distribution of the spectral energy in the high-frequency domain, the decoherence effects are suppressed as explained in the last section. We compare in Fig. 1(d) the average natural decoherence rate Γ q0 and modified decoherence rate Γ qm of the qubit versus different strengths I 0 of the driving field. Figure 1(d) shows that, when the strength I 0 of the driving field increases, the decoherence process is efficiently slowed down. It is interesting to note that there seems to exist a phase transition around I 0 /ω q = 20, i.e., a sudden change of the modified decoherence rate Γ qm (see the black solid curve with plus signs). It is noticable that, around this point, the dynamics of the Duffing oscillator enters the chaotic regime which is indicated by a positive Lyapunov exponent (see the green dash-dotted curve in Fig. 1(d) ). The modified decoherence rate Γ qm changes dramatically in the parameter regime I 0 /ω q ∈ [20, 35] which is the soft-chaos regime of the Duffing oscillator. When the dynamics of the Duffing oscillator enters the hard-chaos regime at I 0 /ω q ≈ 35, the modified decoherence rate Γ qm is stabilized at a value much smaller than the natural decoherence rate Γ q0 . The simulation results show that the decoherence of the qubit is efficiently suppressed by our proposal, even if there exists an additional decoherence introduced by the auxiliary chaotic setup. Further calculations show that the modified decoherence rate Γ qm in the chaotic regime is roughly 100 times smaller than the unmodified decoherence rate Γ q0 , meaning that the decoherence time of the qubit can be prolonged 100 times.
Experimental feasibility in superconducting circuits.-Our general study can be demonstrated using the solid state quantum devices, e.g., the superconducting qubit system, as sketched in Fig. 2 . It is similar to the widely used qubit readout circuit [16] , but works in a quite different parameter regime. In this superconducting circuit, a single Cooper pair box (SCB) is coupled to a dc-SQUID consisting of two Josephson junctions with capacitancesC J and Josephson energiesẼ J and a paralleled current source. The SCB is composed of two Josephson junctions with capacitances C J and Josephson energies E J . The difference between the circuit in Fig. 2 and the readout circuit in Ref. [16] is that the rf-biased Josephson junction is replaced by a dc-SQUID -the chaotic setup. The Hamiltonian of the circuit shown in Fig. 2 can be written as:Ĥ
is the charging energy of SCB with C g as the gate capacitance; n g = −C g V g /2e is the reduced charge number, in unit of the Cooper pairs, with V g as the gate voltage;n is the number of Cooper pairs on the island electrode of SCB withθ as its conjugate operator;Ẽ C = e 2 /C J is the charging energy of the dc-SQUID; n is the charge operator of the dc-SQUID andφ the conjugate operator; and φ e and I e are the external flux threading the loop of the dc-SQUID and the external bias current of the dc-SQUID. Here, we consider a zero external flux threading the loop of the coupled SCB-dc SQUID system. In this case, the phase drop across the SCB is equal to the phase drop across the dc-SQUIDφ. We further introduce the ac gate voltage V g = V g0 cos (ω g t) with amplitude V g0 and angular frequency ω g . With the condition that C g V g0 E C /2e ≪ ω q = E J − ω g , the SCB works near the optimal point, and we only need to worry about the relaxation of the SCB. By expanding the Hamiltonian of the SCB in the Hilbert space of its two lowest states and leaving the lowest nonlinear terms ofφ in the rotating frame, we can obtain the effective Hamiltonian H eff =Ĥ q +Ĥ Duf +Ĥ I discussed in the foregoing section. This dc-SQUID, acting as the auxiliary Duffing oscillator, can be used to suppress low frequency 1/f noises of the qubit. Using the experimentally accessible parameters as shown in the caption of table I, we show the decoherence suppression effects for low frequency 1/f , high frequency Ohmic (J (ω) = ωe −ω/5ωq ), sub-Ohmic (J (ω) = ω 1/2 e −ω/5ωq ), and super-Ohmic (J (ω) = ω 2 e −ω/5ωq ) noises. All simulations are summarized in table I. It is found that our method works equally well for different types of noises. The numerical simulations manifest that our strategy is independent of the sources and frequency domains of the noises. The final modified decoherence rates for these different noises are almost the same because the decoherence effects induced by the environmental noises are all greatly suppressed, and thus the modified decoherence rates of the qubit are mainly caused by the auxiliary chaotic setup, i.e., the dc-SQUID. It is also shown in table I that the modified decoherence rate Γ qm /2π of the qubit can be reduced to 5 kHz. This low decoherence rate corresponds to a long decoherence time T 1 = T 2 ≈ 200 µs. The magnitude is one-order longer than the decoherence time of the superconducting qubits realized in experiments (see, e.g., Ref. [2] ).
Conclusion.-In conclusion, we propose a strategy to prolong the decoherence time of a qubit by coupling it to a chaotic setup. The broad power distribution of the auxiliary chaotic setup in particular in the high-frequency domain helps us to suppress various non-Markovian noises, e.g., low-frequency 1/f noise, high-frequency Ohmic, sub-Ohmic, and superOhmic noises, and thus freeze the state of the qubit even if we consider the additional decoherence induced by the chaotic setup. We find that the decoherence time of the qubit can be efficiently prolonged approximately 100 times in magnitude. We believe that our strategy is feasible, in particular for a coupled SCB-SQUID system, and also gives a new perspective for the reversibility and irreversibility induced by nonlinearity.
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